PCDD/F formation in MSWI predominantly takes place by de novo synthesis in the ash deposits in the boiler. Permanently high SO 2 concentrations cause sulfation of the boiler ash and the fly ash, which leads to low chloride concentrations in the ash deposits. This results in very low PCDD/F formation rates. High SO 2 levels can be established in an efficient way by a process-integrated SO 2 cycle, with only the SO 2 generated by the combustion process being used. The S-recycling process can be supported by reducing the transfer rates of CaO particles to the flue gas by a low primary air supply. No additional source of sulfur is needed. No negative effects of the S-recycling process on the separation of other pollutants like Hg could be observed. These findings indicate that the PCDD/F emission standards can already be met upstream of the flue gas cleaning system by these primary measures only. The flue gas cleaning efforts can be reduced without changing the emission standards.
INTRODUCTION M
UNICIPAL SOLID WASTE (MSW) is a very inhomogeneous material, which varies widely in its chemical composition and physical properties. Thermal treatment of such a difficult fuel is mainly done in grate furnaces. Fluctuations of the heating value can be compensated to a large extend by controlling the feed rate, the grate kinematics, and the air supply to guarantee an effective carbon burnout of the bottom ash and of the flue gas. In practice, carbon burnout cannot be completed totally. Small amounts of unburned carbon particles (mainly soot) are always present in the fly ash and cause the formation of halogenated organic compounds like polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/F) at temperatures above 200°C predominantly by de novo synthesis . Apart from the burnout efficiency of the flue gas, PCDD/F formation depends on the chlorine and sulfur concentration of the fuel. Experimental studies by many authors (Hagenmaier and Beising, 1989; Lindbauer, 1992; Ogawa et al., 1996; Raghunathan and Gullett, 1996; Ruokojärvi et al., 1998; Gullett et al., 2000; Hunsinger et al., 2002b Hunsinger et al., , 2003 confirmed a suppressed PCDD/F formation when burning fuels with low Cl/S ratios.
The concentrations of total chlorine and sulfur of MSW in industrialized countries typically range at values of about Cl ϭ 6.9-7.7 g/kg and S ϭ 1-3 g/kg (Chandler et al., 1997) . The distribution of the absolute concentrations of Cl and S contained in the individual waste fractions, as well as their chemical speciation, show great variations . Chemical and physical properties of the Cl and S compounds and reactions of their intermediate decomposition products at high temperatures cause different conversion factors from chlorine and sulfur contained in the fuel into HCl and SO 2 (Hunsinger et al., , 2002b Watanake et al., 2004) . The intermediate decomposition products are formed during solid fuel burnout and also during the contact with fly ash particles in the flue gas while passing through the combustion chamber and the boiler section. Figure 1 depicts average data on the partitioning of the elements Cl and S during waste combustion in the pilot plant TAMARA , which is located at the Research Center Karlsruhe. The partitioning of Cl and S shown in Fig. 1 is characteristic for MSWI incineration. The major part of the fuel chlorine is converted into HCl, while the fuel sulfur mainly remains as sulfates in the grate ash. The boiler ash exhibits a relatively high content of sulfates and only small amounts of chlorides.
The fly ashes at the exit of the boiler (T Ϸ 200°C) are characterized by high chloride content. Fluctuations of the fuel composition, as well as small modifications of the combustion process (temperatures, velocity of primary air) are sufficient to change the fuel-S into SO 2 conversion significantly (Hunsinger et al., 2002b) , while the fuel-Cl to HCl conversion remains rather constant at a high level. Figure 2 shows typical frequency distributions of the SO 2 concentrations, together with the respective data of CO and O 2 , which characterize the burnout efficiency of the flue gas. The data are based on a data set measured online in a full-scale MSWI over a period of 2 months.
The SO 2 concentrations vary within short time intervals over a wide concentration range between 50 and 500 mg/Nm 3 . The frequency/concentration plot of SO 2 depicts a lognormal distribution with an average SO 2 concentration of about 170 mg/Nm 3 . The HCl data measured by chemical sampling methods (DIN EN 1911) were found to be in the range of HCl ϭ 780 Ϯ 100 mg/Nm 3 .
The major chlorine species HCl is not an active chlorine source for de novo formation of PCDD/F. In the flue gas of a MSWI the ash-bound chlorine and also trace amounts (low ppm range) of gaseous chlorine species like Cl 2 and chlorine radicals are present. These chlorine compounds were identified to be able to oxy-chlorinate carbonaceous structures in the de novo synthesis of PCDD/F formation. In full-scale combustion processes ash-bound chlorine is the most important chlorine species, but increased Cl 2 concentrations also cause enhanced PCDD/F formation (Bruce et al., 1991; Wilkström et al., 2003) . In most of the combustion studies the effect of suppressed PCDD/F formation at increased SO 2 concentrations was explained by the theory of Griffin (Griffin, 1986) , according to which SO 2 reduces Cl 2 , which inhibits the PCDD/F formation.
An alternative mechanism for explaining the inhibition effect of SO 2 on PCDD/F formation was suggested by Gullett et al. (1992 Gullett et al. ( , 2006 . He stated from his lab-scale experiments that SO 2 can poison the catalytic sites for the Deacon process reducing the conversion of HCl to Cl 2 . The conversion of metal (Cu and Fe)-oxide/chlorides to sulfates are less active in biaryl synthesis, and can be another reason for reduced dioxin formation.
In contrast to the combustion studies, special lab-scale experiments on de novo synthesis did not reveal any reduction of PCDD/F formation during thermal treatment of fly ash at 300°C under an air/SO 2 atmosphere (Schleihauf, 1996) . The results of this report even suggested a tendency toward a higher PCDD/F formation when SO 2 was present.
These discrepancies were the motivation to carry out further investigations in order to find out how PCDD/F formation in combustion processes is influenced by SO 2 .
An important hint was made by Lindbauer (1992) , who stated that the history of the experiments plays an important role in suppressing PCDD/F formation by increasing the SO 2 concentrations. Unfortunately, no adequate data are reported in most of the papers.
EXPERIMENTAL
A number of detailed experimental investigations to clarify the mechanism of inhibited PCDD/F formation in combustion systems under SO 2 -rich conditions were carried out at our pilot plant TAMARA (waste throughput Ϸ 200 kg/h, max. thermal capacity ϭ 0.5 MW). Technical details of the plant are described elsewhere (Hunsinger et al., 2002a) . TAMARA is equipped with complex online monitoring equipment, and can be operated under well-defined conditions by using defined waste compositions and a sophisticated process control system. During the experiments described in this paper the TAMARA pilot plant was operated with crushed (Ͻ60-mm particle size) and homogenized original MSW from a German full-scale incinerator.
Short-term fluctuations of SO 2
Development of strategies to minimize PCDD/F formation in MSWI by primary measures is based on the determination of the time scale of PCDD/F formation: fast gas-phase and/or heterogeneous reactions of the particles during their flight through the furnace/boiler compared to slow reactions of the ash deposits on the PCDD/F levels upstream of the flue gas cleaning system. Only if short-term fluctuations of SO 2 directly coincide with PCDD/F concentrations will the formation take place in the gas phase or during the particle flight through the boiler.
Typical residence times of gas phase and fly ash particles in full-scale boilers are in the range of about 10 s. Figure 3 shows the result of an experiment where a radioactive finely dispersed particulate tracer was injected into the flue gas of a full-scale plant (Merz et al., 1988) . By the detection of the local ␥-radiation at the injection position and at the boiler exit, the time of flight could be calculated.
To simulate short-term fluctuations of the fuel composition, two homogeneous waste fractions differing in their composition (both gathered from municipal solid waste) were burnt together (in TAMARA) under controlled periodic changes of their percentage fractions (Hunsinger et al., 2004) . The total feed rate was kept constant. In this way, well-defined fluctuations of the heating value and of the element composition of the fuel were established. The experiment described below was run with the fuel quality changing at a frequency of 20 min. During this particular experiment, no automatic control of other combustion parameters like temperatures or oxygen content was made.
As expected, the fluctuations of the fuel quality caused time-delayed periodic fluctuations of all combustion parameters and the flue gas composition. The combustion temperatures in the flue gas at the end of the combustion chamber fluctuated between 1,000 and 1,100°C, and the oxygen concentrations between 7 and 10 vol. % dry. For the whole duration of the experiment, the burnout efficiency of the flue gas was almost complete. The concentrations of CO (SIEMENS Ultramat 5E, Siemens AG, Karlsruhe, Germany) and the total concentration of hydrocarbons (⌺ org. C, SIEMENS Fidamat 5E-E) showed values in the range of the detection limit of Յ1 mg/Nm 3 and the concentration of total organic carbon (TOC) in the fly ash amounted to Ϸ1 mg/g (ROSEMOUNT, CSA 5003, Emerson Process Management, Hasselroth, Germany).
Since PCDD/F cannot be monitored on-line, three parallel sampling trains were installed in the flue gas downstream of the boiler as shown in Fig. 4 .
The SO 2 concentrations measured (ROSEMOUNT NGA 2000) were automatically divided into three defined SO 2 classes (low, medium, high). Depending on the actual SO 2 class, the respective sampling train was operated automatically. Gaseous and particle-bound PCDD/F, chlorobenzenes and chlorophenols were separated by a filter/adsorber cartridge (Kreisz et al., 1994) . The samples were analyzed according to DIN EN 1948 by using HRGC/HRMS (HP 5890 Series II, Autosampler: HP 6890A, VG Autospec).
The experiment lasted about 5 h. While the effects on the HCl concentrations (NORSK ELEKTO OPTIKK LaserGas HCl monitor, Lorenskog, Norway) were rather small, the SO 2 concentrations varied in a wide range of approximately 300-800 mg/Nm 3 , directly correlated with the combustion temperature. Figure 5 shows the time plots of SO 2 and HCl. The three concentration classes of SO 2 are marked by different colors.
The concentrations of PCDD/F sampled in the three trains with different Cl/S ratios calculated from the HCl and SO 2 concentrations in the flue gas are shown in Fig.  5b . The data show practically identical concentrations of PCDD/F irrespective of the Cl/S ratio. This result agreed well with the results of similar experiments carried out in a full-scale plant (Hunsinger et al., 2004) with natural fluctuations of the flue gas composition.
Long-term increase of SO 2
Two further test series (Hunsinger et al., 2004) in TAMARA were designed to measure how PCDD/F formation is affected by an elevated SO 2 concentration over more extended time periods. During the whole duration of both experiments, PCDD/F and fly ash were sampled successively in 2-h intervals in the raw gas. Figure 6 shows the time plots of SO 2 and HCl from the 40-h experiment (run 2).
Before and after sulfur dosage, the SO 2 concentrations were rather low at values of about 150 mg/Nm 3 . When sulfur dosage was switched on, the SO 2 concentration showed an excursion to values of 1,000 mg/Nm 3 , followed by a further slow increase up to 1,300 mg/Nm 3 .
HUNSINGER ET AL. 1148 After switching the sulfur dosage off, the SO 2 concentration dropped down to the original start concentration. Parallel to the SO 2 concentration, the HCl concentrations increased immediately from about 750 up to 1,000 mg/Nm 3 . The reason for this behavior becomes obvious when examining the composition of the fly ashes. The analyses of the fly ashes were carried out by thermal decomposition of the ash samples using Wickbold-apparatus followed by ion chromatography analyses (DIONEX ICS 1000, Dionex Corp., Sunnyvale, CA). High levels of SO 2 lead to an almost complete sulfation of the fly ashes. Figure 7 shows the Cl/S ratio of the fly ash, which correlates strongly with that of the gas phase. The chlorides of the fly ashes were replaced by sulfates. The chloride concentrations decreased significantly from Ϸ200 mg/g down to below the detection limit of about Ͻ3 mg/g. The sulfation also leads to reduced concentrations of CuCl 2 in the fly ashes and avoids the formation of iron chlorides by suppressing the corrosion of the steel surface taking place below chloride rich ash deposits. These metal chlorides were particularly known to catalyze the formation of Cl 2 inside the ash deposits causing PCDD/F formation Guillett, 1990; Schwarz, 1991; Halonen et al., 1997; Ryan and Altwicker, 2000; Hunsinger et al., 2004) .
Efficient sulfation of the fly ashes will also result in reduced boiler corrosion (Grabke et al., 1995; Nielsen et al., 2000; Kawahara, 2002) . The difference of the fly ash chloride content was equal to the increase of HCl. For both runs (Fig. 8) , an almost identical characteristic was found. Before and during the first hours of sulfur addition, no difference of the PCDD/F formation could be observed. Even after 10 h of sulfur addition (run 2), no decrease in PCDD/F formation was detectable. When cleaning the tube boiler by a mechanical cleaning device, the PCDD/F concentrations showed a significant peak which is caused by the release of PCDD/F Johnke and Stelzer, 1992; Jager et al., 1993) concentrated inside the porous structure of the ash deposits. This indicates again that PCDD/F formation takes place predominantly in the boiler deposits.
After the cleaning procedure (still during sulfur addition), a tendency of slowly decreasing PCDD/F values (see Fig. 8 , run 1) could be observed. More than 10 h after cleaning the boiler, the PCDD/F were lowered by about 40% compared to the initial concentrations. Switching the sulfur dosage off, the dioxin concentrations rose slowly to about the initial level (see Fig. 8, run 2) .
The experiments showed that PCDD/F formation is not directly correlated with the actual SO 2 concentrations in the flue gas. Even after some hours of significantly increased SO 2 concentrations (which results in a reduction of the chlorine concentrations in the fly ash), no effect on PCDD/F formation was noticed. These findings indicate that the formation of PCDD/F in the gas phase or in the particles during their direct flight through the boiler only negligibly contributes to the raw gas PCDD/F level. Under controlled combustion conditions, dioxin formation must take place almost completely in the boiler deposits. Only permanently high levels of SO 2 in the flue gas of municipal solid waste incineration plants will result in low chloride concentrations in the ash deposits and will be effective in reducing PCDD/F formation.
Reduced formation of PCDD/F by increased SO 2 concentrations during start-up conditions
When starting waste combustion, the furnace must be heated up to temperatures of at least 850°C. In TAMARA, this is achieved by using a natural gas burner and additionally feeding of natural wood chips. Two startup procedures were investigated: normal startup (a) as a reference and a startup process (b) where sulfur pellets were added to the wood chips. Before starting the campaigns, the combustion chamber, the flue gas duct in front of the boiler, and the boiler were cleaned manually.
HUNSINGER ET AL. 1150 During both experiments, PCDD/F sampling was carried out in the flue gas downstream of the boiler. Beginning with the ignition of the gas burner, sampling took place in 2-h intervals over a total duration of about 32 h. The flue gas composition (O 2 , CO 2 , CO, ⌺ org. C, SO 2 , HCl, NO, H 2 O) and the relevant temperatures inside the furnace and the boiler were measured simultaneously.
Both campaigns were started at 9 o'clock in the morning. The temperature inside the flue gas duct downstream of the secondary air injection ports reached nearly 1,000°C at midnight, 15 h after starting the burner. At this time, the natural gas burner was switched off and the wood chips were replaced by municipal solid waste. This point in time was reflected by a steep increase of HCl and SO 2 (Fig. 9) .
During the first 4 h of operation, the temperatures inside the furnace were rather low and the burnout of the flue gas was incomplete. High concentrations of products of incomplete combustion (PIC) passed the combustion chamber. The maximum concentrations of CO exceeded the measuring range (1,000 mg/Nm 3 ) of the CO analyzer and the maximum concentrations of hydrocarbons (SIEMENS Fidamat 5E-E) rose up to about 2 g/Nm 3 . The carbon concentration of the fly ash (TOC) in the flue gas showed the same trend. Soot particles were identified by electron microcopy and GC/MS analyses to contribute almost completely to the total TOC concentration of the fly ash. Seven hours after starting the furnace, the temperatures were high enough to complete the burnout of the flue gas and the concentrations of PICs dropped down below the detection limit.
When looking at the concentrations of PCDD/F in the flue gas shown in Fig. 9 , it is obvious that the maximum concentrations were found 5 to 6 h after startup. The peak concentrations of PCDD/F occurred with a delay of 4-5 h compared to the maxima of the CO, hydrocarbons, and soot curves. At the time when the highest PCDD/F formation rates were detected, the burned fuel (natural gas and natural wood chips) contained only trace amounts of chlorine. Furthermore, change of the fuel from wood to waste had no effect on the formation rates of PCDD/F. These findings can only be explained by the inherent presence of chlorides on the surfaces of the flue gas ducts and the boiler. These "old" chlorides, together with the freshly removed soot particles on the boiler surface from actual startup, must have caused the formation of PCDD/F by de novo synthesis when the local temperatures inside the boiler exceeded 200°C. PCDD/F formation is maximized when the typical temperature window of de novo synthesis (200-450°C) was extended over almost the whole boiler surface as depicted in Fig. 10 (compare to Fig. 9 ).
Increased PCDD/F formation took place over a very long time even when the combustion process was efficient and the flue gas burnout was practically complete. This fact is well known as "memory effect" (Johnke and Stelzer, 1992; Hunsinger et al., 2002a) . Changes of the inorganic composition of the fuel (chloride and bromide concentration) cause similar time delayed effects (Hunsinger et al., 2005) regarding dioxin formation. A second cold startup of the plant using the same procedure as described above was performed with sulfur addition to the fuel. The temperatures and the concentration curves of PICs (CO, C n H m , and TOC of the fly ash) were nearly identical in both experiments. The sulfur addition resulted in high levels of SO 2 (500 mg/Nm 3 ) in the flue gas already during the startup phase. The increased SO 2 concentrations in the experiment with sulfur addition led to a significantly lower total PCDD/F formation, as is shown in Fig. 11 . From these results, it was recommended to use heavy oil (high sulfur content) for the burner operation or to add sulfur to the fuel during the startup phase.
METHODS TO PERMANENTLY INCREASE THE SO 2 CONCENTRATIONS IN THE FLUE GAS
All investigations described above revealed that PCDD/Fs are predominantly formed from the chloridecontaining ash deposits on the boiler surface at temperatures Ͼ200°C by de novo synthesis. Only permanently high levels of SO 2 will reduce the chloride concentration of these deposits (after relatively long time periods) and lead to a low PCDD/F formation. Based on these findings, it was then required to find methods to establish permanently increased SO 2 concentrations in an efficient way.
Influence of combustion parameters on the Cl/S ratio and PCDD/F formation
Chlorine is always released into the flue gas as HCl at a high percentage of total input. But smaller percentages of sulfur compounds are transferred to the flue gas. Due to the relatively low maximum temperatures inside the fuel bed (Ͻ1,000°C), sulfur remains mainly in the grate HUNSINGER ET AL. 1152 Fig. 1 , a significant amount of the S-fraction released into the flue gas is contained in the boiler ashes (mainly CaSO 4 and alkali sulfates).
Release of relatively small amounts of Na, K, and especially Ca already is sufficient to reduce the concentrations of HCl and SO 2 . Heterogeneous reactions of SO 2 and CaO particles in the high-temperature zones of the furnace in particular preferably decrease the SO 2 concentrations significantly.
In order to establish high SO 2 concentrations, the release of Ca from the fuel bed into the flue gas should be minimized by operating the furnace at a preferably low stoichiometric primary air supply. The lower level is limited by the minimum amount of air that is necessary to complete the carbon burnout of the grate ash. Figure 12 shows the increase of the SO 2 concentration at reduced Ca transfer rates to the flue gas under reduced primary air conditions. The effect on the HCl concentration is almost negligible. The resulting decrease of the Cl/S ratio (HCl/SO 2 ) in the flue gas was found to correlate with the reduced PCDD/F formation.
The release of Na and K is influenced mainly by the time/temperature profile of the fuel bed on the grate and the chlorine content of the fuel. Both elements are released into the flue gas predominantly in the form of chlorides. During their flight through the high-temperature zones of the furnace, homogeneous and heterogeneous reactions with SO 2 take place, with some of them yielding sulfates.
HCl is preferably formed when water vapor is present. The rate of this in-flight sulfation of the ash particles depends on the absolute SO 2 concentration, the temperatures, and the residence time. Additionally, a sulfation of the deposited ash on the boiler surface takes place. While the sulfation of vaporized alkaline chlorides at high temperatures is very fast, the reaction of SO 2 with the solid compounds at low temperatures (ash deposits) is extremely slow (Henriksson and Warnquist, 1979; Boonsongsup et al., 1997; Iisa and Lu, 1999) . Taking the slow kinetics of the reactions of SO 2 with the solid metal and alkaline chlorides into account (pure NaCl Ϸ 1% at 400-600°C in 3-h) (Henriksson and Warnquist, 1979) , the total chloride concentration of the fly ash deposits will be nearly unchanged over a very long time period. These slow sulfation reactions of the ash deposits are responsible for the long-term "memory effects" in dioxin formation after changing the fuel quality or increasing SO 2 .
Development of a process with permanently increased SO 2 concentrations
In full-scale incinerators a permanent increase of the SO 2 concentration by cocombusting sulfur or sulfur-rich fuels would increase the demand for neutralizing chemicals and cause much higher amounts of residues from the flue gas cleaning devices. These disadvantages would lead to additional costs of thermal waste treatment and counters the benefit of reduced PCDD/F formation.
An economically efficient alternative of establishing low Cl/S ratios in the flue gas is based on the idea of a selective removal of the SO 2 present in the flue gas, followed by recycling parts of the separated SO 2 back to the furnace (Hunsinger, 2005) . This idea requires a flue gas cleaning system which allows for the selective separation of individual pollutants in defined stages. In particular, Figure 12 . Increase of the SO 2 concentration by low transfer rates of Ca particles to the flue gas at low primary air ratios and reduced PCDD/F formation at low Cl/S ratios.
incinerators equipped with a dust filter (ESP or FF), followed by a two-stage wet scrubbing system (WSS), are well suited for building up such a process-integrated SO 2 cycle, as depicted in Fig. 13 .
After dust removal and HCl absorption by water, SO 2 can be separated almost selectively in a second wet scrubber. Various wet chemical absorption processes are available to separate SO 2 from flue gases. The sulfur compound formed depends on the chemicals added to the scrubbing liquid. If the reaction product shows a low thermal stability, it can be fed back partly directly into the furnace where it is decomposed at the temperatures inside the furnace, thus forming SO 2 again. For example, H 2 O 2 can be used for separating and oxidizing SO 2 to H 2 SO 4 . The sulfuric acid can be fed back into the furnace where it is decomposed at high temperatures, forming SO 2 .
The SO 2 concentration established can be controlled by the feedback rate. In MSWI rather high amounts of H 2 O 2 would be needed to reduce the Cl/S ratio significantly. This would be associated with relatively high costs. Therefore, it was decided to use a less expensive method to establish such an SO 2 cycle. The process is as follows.
After fly ash separation by an electrostatic precipitator (ESP) or a fabric filter (FF), HCl, HF, and Hg are separated in the first acid scrubber. The acid solution formed in scrubber 1 is usually neutralized after discharging in the waste water treatment process. SO 2 is almost selectively separated in a second scrubber at pH values of Յ7 by the addition of alkaline compounds, for example NaOH.
2NaOH ϩ SO 2 Ǟ Na 2 SO 3 ϩ H 2 O
By modifications of the scrubber parameters (residence time of scrubbing water, pH value . . . ), oxidation of sodium sulfite to sodium sulfate by O 2 Na 2 SO 3 ϩ 1 / 2 O 2 Ǟ Na 2 SO 4 (8)
from the flue gas can be suppressed efficiently. Significant amounts of SO 2 can be dissolved additionally in such an alkali sulfite solution. From this sulfite solution, large amounts of SO 2 may be recovered by mixing the acid effluents of the HCl scrubber before neutralization with the sulfite solution of the second scrubber in a small external reactor
The released SO 2 can be stripped by a small amount of inert gas or by oxygen poor flue gas. The SO 2 generated is fed back into the furnace, preferably into the sec-HUNSINGER ET AL. 1154 ondary air. This completes the SO 2 cycle and results in elevated SO 2 concentrations in the flue gas between the furnace and scrubber 2 and leads to the sulfation of the fly ashes already inside the furnace and the boiler. The principle of the process is summarized in Fig. 14 .
The maximum amount of SO 2 generated by this process is limited by the amount of HCl available and the sulfite concentration of the SO 2 scrubber. In MSWI, the Cl/S molar ratio of the flue gas can be set by this method down to values of about 1:1. The total amount of neutralizing agents for the whole wet scrubbing process (scrubbers 1ϩ2), as well as the amount of solid residues from flue gas cleaning, remain practically unchanged compared to standard operation.
The process was set up and tested for the first time at our pilot plant TAMARA. The waste throughput was about 200 kg/h. Due to the experience of a reduced PCDD/F formation under sulfur-rich startup conditions (as described above), the furnace was preheated by the natural gas burner, together with untreated wood chips and SO 2 gas injection. When the temperature of the furnace exceeded 1,000°C at the exit of the combustion chamber, the fuel was changed to municipal solid waste (obvious from the HCl concentration in Fig. 15 ). At the same time, SO 2 dosage was switched off and the sulfur recycling process was started. The furnace was generally operated at low primary air ratios in order to minimize Ca particle transfer to the flue gas and avoid losses of SO 2 by reactions forming CaSO 4 . Figure 15 shows the concentrations of CO, HCl, and SO 2 during the first 2 weeks of operation. During this time period, the combustion process was run after startup without any disturbances, as is indicated by the CO data, which were constant at values below Ϸ2 mg/Nm 3 . As evident from the graph, it was possible to establish SO 2 levels up to about 1,000 mg/Nm 3 . Different levels of SO 2 concentration over the experimental time were caused by variations of the operation parameters of both wet scrubbers and the SO 2 reactor in order to optimize SO 2 generation. The HCl data ranged at levels up to 1,000 mg/Nm 3 . The molar ratio of Cl/S (HCl/SO 2 ) could be lowered to values close to 1:1.
An example of balancing the whole process is depicted in Fig. 16 , and shows Cl/S molar ratios of about 1.4 downstream of the FF compared to values of about Cl/S Ϸ 5 (calculated from the effluents) at the exit of the S-recycling process.
The PCDD/F values measured downstream of the boiler in front of the flue gas cleaning system during the first 2 weeks of the campaign are shown in Fig. 17 . Immediately after completing startup procedure the PCDD/F concentrations dropped down to very low concentrations. Five days after startup, the raw gas PCDD/F level ranged at values of about 0.1 ng/Nm 3 TEQ. Other halogenated compounds like chlorobenzenes and chlorophenols also reached ex-HUNSINGER ET AL. 1156 Figure 17 . PCDD/F concentrations in the raw gas (sum of particle and gas phase). Figure 18 . Hg species in the raw gas under reference conditions and at increased SO 2 concentrations. tremely low concentrations. This result indicates that the formation of PCDD/F in MSWI could almost be avoided by such a simple and economically efficient primary measure. From these results, it may be concluded that complex flue gas cleaning devices may no longer be necessary to meet PCDD/F emission regulations.
However, it still remained to be discerned whether the type of S-recycling process installed had negative effects on other pollutants. The behavior of mercury and its removal efficiency in the wet scrubbing system are of major interest. Measurements in the raw gas using the "DOWEX 1X8 / Iodized charcoal sampling method" of Metzger&Braun (Metzger and Braun, 1987) revealed that the increase of the SO 2 concentrations had no detectable effect on the speciation of mercury compounds. As shown in Fig. 18 , even a tendency toward slightly lower elemental mercury concentrations under sulfur-rich conditions was noted.
In a second phase, an online Hg-monitor (SEEFELDER MESSTECHNIK HG-CEM, Seefelder Messtechnik GmbH & Co., Seefeld, Germany) was installed downstream of the second scrubber during the S-recycling operation as well as under reference conditions.
The results in Fig. 19 demonstrate that, within the limits of measurement accuracy, total mercury separation by the wet scrubbing system did not differ significantly under S-recycling conditions (high SO 2 concentrations). The total Hg concentrations downstream of scrubber 2 were always found to be well below the emission limit of 30 g/Nm 3 .
From the positive results at our pilot plant TAMARA, it can be concluded that the S-recycling process will contribute essentially to reducing the flue gas cleaning efforts in MSWI. The generation of SO 2 may be increased further by design modifications of the second scrubber. In wet scrubbing systems (WSS), even at PCDD/F levels below 0.1 ng/Nm 3 TEQ, PCDD/Fs are absorbed and enriched up to the absorption/desorption equilibrium in the plastic material depending on the temperature of the scrubber. If the WSS represents the tail end of the flue gas cleaning device just in front of the stack, the PCDD/F absorbed over long terms by the plastic material can be released temporarily during excursions of the scrubber temperatures and lead to elevated PCDD/F concentrations in the stack. To avoid such a "memory effect" in the wet scrubbers, the normally used tower packing of polypropylene (PP) should be replaced by another packing material such as Adiox ® (Anderson et al., 2003) (polypropylene matrix in which finely dispersed carbon particles are homogeneously distributed). This material irreversibly absorbs PCDD/F very efficiently also under startup ( Ͼ 90%) and unsteady operating conditions. The removal efficiency of Adiox ® tower packing for PCDD/F separation depends on the process conditions and the scrubber design particularly on the specific surface of the packing (m 2 /m 3 flue gas flow). Scrubbers equipped with Adiox ® will act as police filter and result in additional security to always guarantee very low emission values.
The use of the S-recycling process in combination with primary methods for NO x control (SNCR or low-NO x combustion; patent pending) and the Adiox ® tower packing in the wet scrubbing system allow for an economically efficient design of the MSWI process, with ecological standards being observed by a simplified flue gas cleaning system as shown in Fig. 20 .
SUMMARY AND CONCLUSIONS
PCDD/F formation in MSWI takes place predominantly by de novo synthesis from the ash deposits in the boiler. Permanently high SO 2 concentrations cause sulfation of the boiler ash and fly ashes, which leads to low chloride concentrations in the ash deposits. This results in very low PCDD/F formation rates. High SO 2 levels can be established in an economically efficient way by a process-integrated SO 2 cycle (S-recycling process) by using only the SO 2 present in the process. The process can be supported by reduced transfer rates of CaO particles to the flue gas (to avoid a reduction of the SO 2 concentration by desulfurization reactions) at reduced primary air supply. No additional sulfur dosage is needed. No negative effects of the S-recycling process on the separation of other pollutants like Hg were observed. These findings indicate that the PCDD/F emission standards can be met already upstream of the flue gas cleaning system by primary measures only. The flue gas cleaning efforts can be reduced without changing the emission standards.
The next step will be the implementation of the process in a full-scale plant. The major interest will be to demonstrate inhibited PCDD/F formation in practice as well as to investigate how efficiently the boiler corrosion will be reduced under SO 2 -rich conditions.
